Objective-Overproduction of hepatic apolipoprotein B (apoB)-100 containing very low-density lipoprotein particles and intestinal apoB-48 containing chylomicrons contributes to hypertriglyceridemia seen in conditions such as obesity and insulin resistance. Some, but not all, preclinical and clinical studies have demonstrated that the polyphenol resveratrol ameliorates insulin resistance and hypertriglyceridemia. Here, we assessed intestinal and hepatic lipoprotein turnover, in humans, after 2 weeks of treatment with resveratrol (1000 mg daily for week 1 followed by 2000 mg daily for week 2) or placebo. Approach and Results-Eight overweight or obese individuals with mild hypertriglyceridemia were studied on 2 occasions, 4 to 6 weeks apart, after treatment with resveratrol or placebo in a randomized, double-blinded, crossover study. Steadystate lipoprotein kinetics was assessed in a constant fed state with a primed, constant infusion of deuterated leucine. Resveratrol treatment did not significantly affect insulin sensitivity (homeostasis model of assessment of insulin resistance), fasting or fed plasma triglyceride concentration. Resveratrol reduced apoB-48 production rate by 22% (P=0.007) with no significant effect on fractional catabolic rate. Resveratrol reduced apoB-100 production rate by 27% (P=0.02) and fractional catabolic rate by 26% (P=0.04). Conclusions-These results indicate that 2 weeks of high-dose resveratrol reduces intestinal and hepatic lipoprotein particle production. Long-term studies are needed to evaluate the potential clinical benefits of resveratrol in patients with hypertriglyceridemia, who have increased concentrations of triglyceride-rich lipoprotein apoB-100 and apoB-48. Clinical Trial Registration-URL: www.clinicaltrials.gov. Unique identifier: NCT01451918.
I ncreased production of triglyceride-rich lipoproteins (TRL), in the form of apolipoprotein B (apoB)-100 containing very low-density lipoprotein (VLDL) from the liver and apoB-48 containing chylomicrons from the gut, in conditions such as overweight/obesity and insulin resistance, may contribute to an increased risk of atherosclerotic disease. 1, 2 Recently, we have shown that, in healthy human volunteers, intestinal secretion of apoB-48-containing TRL particles is regulated by free fatty acids, 3 dietary monosaccharides (glucose and fructose), 4 and hormones such as insulin 5 and glucagon-like peptide-1. 6 Individuals with obesity/overweight, insulin resistance, 7 and type 2 diabetes mellitus 8 have increased production of apoB-48 TRL particles. This, along with the well-established overproduction of apoB-100-containing VLDL by the liver, 1 contributes to the elevated TRL seen in these individuals. Identifying novel strategies to lower TRL production by the liver and intestine may have clinical benefits in conditions such as in overweight/obese states. In the present study, we have examined the effect of resveratrol in overweight and obese men with relatively mild metabolic abnormalities.
Polyphenol resveratrol, widely available over the counter, has been demonstrated to have numerous beneficial metabolic effects in vitro and in vivo in murine models. In vitro studies in hepatocytes have demonstrated that resveratrol reduces de novo lipogenesis. 9 Resveratrol administration in vivo protects mice from diet-induced obesity, insulin resistance, and hepatic steatosis. 10, 11 Some, but not all, 12, 13 studies in humans have shown that resveratrol improves insulin sensitivity [14] [15] [16] and lowers plasma triglyceride. 14 The metabolic effects of resveratrol are thought to be mediated at least in part via indirect activation of AMP kinase and the NAD+dependent deacetylase silent mating type information regulation 2 homolog (sirtuin) 1 (SIRT1). 17 Adenine monophosphate kinase (AMPK) has multiple effects on lipid metabolism by activating downstream targets such as peroxisome proliferator-activated receptor coactivator-1α, inhibiting acetyl-CoA carboxylase, and phosphorylating SREBP-1c, which leads to increased lipid oxidation and reduced lipid synthesis. 18 AMPK also has indirect effects such as activation of SIRT1. SIRT1, thought to mediate many of the beneficial effects of caloric restriction, deacetylates multiple targets including peroxisome proliferator-activated receptor coactivator-1α, FoxO1, AMPK itself, and nuclear factor κB, thereby influencing lipid and glucose metabolism as well as inflammation 19, 20 No studies to date, either in rodents or humans, have assessed the effects of resveratrol on lipoprotein production and clearance. Therefore, we sought to assess the effects of short-term administration of high-dose resveratrol on intestinal and hepatic lipoprotein turnover as well as insulin sensitivity in nondiabetic, overweight, and obese men with mild hypertriglyceridemia. Although in most human studies, resveratrol was administered for ≥4 weeks, many of these studies used low doses (≤150 mg/d) 14, 15 with positive metabolic effects. Dose-dependent increases in plasma concentrations of resveratrol (at doses between 0.5 and 5 g) have been reported previously with higher elimination half-lives of doses between 1 and 2.5 g (>9 hours) compared with the lower dose of 0.5 g (o>4 hours). 21 We hypothesized that higher doses of resveratrol could elicit beneficial effects on TRL metabolism with 2 weeks of administration. Resveratrol was administered at 1000 mg/d for a week and increased to 2000 mg/d in the second week, the lower dose during the first week required by Health Canada regulatory authorities to ensure that there were no adverse effects. These doses of resveratrol were based on a previous study in which resveratrol at a dose of 1000 to 2000 mg/d improved glucose tolerance without eliciting any adverse effects. 16 
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Resveratrol Treatment Had No Significant Effects on Homeostasis Model of Assessment of Insulin Resistance
There was no significant difference between resveratrol and placebo treatments in fasting plasma glucose (Figure 2A ; placebo 5.3±0.2 versus resveratrol 5.2±0.2 mmol/L; P=0.4). Fasting plasma insulin ( Figure 2B ; placebo 53±4.2 versus resveratrol 40.8±8.5 pmol/L; P=0.2) and homeostasis model of assessment of insulin resistance (HOMA-IR; Figure 2C ; placebo 1.78±0.16 versus resveratrol 1.35±0.3; P=0.2) tended to be lower with resveratrol. However, neither of these parameters reached statistical significance when assessed by paired t tests. There were no significant differences in plasma glucose ( Figure 2D ) or insulin ( Figure 2E ) during constant feeding with resveratrol treatment. Data are mean±SEM (range). n=8. apoB indicates apolipoprotein B; BMI, body mass index; FFA, free fatty acids; HOMA-IR, homeostasis model of assessment of insulin resistance; TC, total cholesterol; TG, triglycerides; and TRL, TG-rich lipoprotein. B A Figure 1 . A, Outline of lipoprotein kinetics study. Volunteers had hourly ingestion of a liquid nutrient formula from 5 am for 13 hours. Triglyceride-rich lipoprotein (TRL) kinetics was studied with a primed, constant infusion of stable isotope deuterated leucine (d3-leucine) for 10 hours from 8 am. B, multicompartmental model for analysis of TRL-apoB-100 and apoB-48 kinetics. Infused d3-leucine enters the plasma amino acid pool (Paa; compartment 1). after a delay (compartment 2), it is incorporated into TRL-apoB (compartment 3). Tracer-to-tracee ratio time course curves were analyzed with multicompartmental model to derive fractional catabolic rates (FCR). apoB indicates apolipoprotein B.
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Resveratrol Did Not Affect Fasting or Fed Triglyceride Concentrations in Plasma or TRL Fractions
There were no significant differences between the 2 treatments in terms of mean fasting plasma triglyceride (placebo 1.9±0.3 versus resveratrol 2.0±0.2 mmol/L; P=0.5; Figure 3A ) and TRL triglyceride (placebo 1.4±0.2 versus resveratrol 1.5±0.2 mmol/L; P=0.6; Figure 3B ). There were no differences in mean triglyceride during constant feeding between treatments in either plasma (placebo 3.3±0.3 versus resveratrol 3.2±0.4 mmol/L; P=0.5; Figure 3C ) or TRL fraction (placebo 2.7±0.3 versus resveratrol 2.6±0.3 mmol/L; P=0.6; Figure 3D ). Resveratrol did not affect fasting TRL cholesterol (placebo 0.9±0.3 versus resveratrol 1.1±0.4 mmol/L; P=0.2), plasma cholesterol (placebo 4.8±1.7 versus resveratrol 5.2±1.8 mmol/L; P=0.6), or high-density lipoprotein cholesterol (placebo 1.2±0.4 versus resveratrol 1.3±0.4 mmol/L; P=0.8; Figure I in the online-only Data Supplement).
Resveratrol Reduced TRL ApoB-48 Production Rate With No Significant Change in the Fractional Catabolic Rate
Resveratrol treatment significantly reduced apoB-48 production rate (PR; placebo 1.4±0.2 versus resveratrol 1.1±0.3 mg/kg per day; P=0.007) with no change in apoB-48 fractional catabolic rate (FCR; placebo 2.4±0.2 versus resveratrol 2.1±0.3 pools/d; P=0.4; Figure 4A ). There was no significant difference in fasting TRL apoB-48 concentration (placebo 2.5±0.4 versus resveratrol 2.9±0.8 mg/L; P=0.6; Figure 4B ). TRL apoB-48 concentration during the kinetic study was not significantly lower with resveratrol treatment, although there was a trend toward a slight reduction (placebo 13.0±2.1 versus resveratrol 10.6±1.3 mg/L; P=0.15; Figure 4B ). Model fits to the apoB-48 tracer trace ratio are shown in the online-only Data Supplement ( Figure II in the online-only Data Supplement).
Resveratrol Reduced Both PR and FCR of TRL ApoB-100
Resveratrol treatment significantly decreased apoB-100 FCR (placebo 4.4±0.9 versus resveratrol 3.3±0.6 pools/d; P=0.04; Figure 5A ) and apoB-100 PR (placebo 46.9±8.5 versus resveratrol 34.3±5.9 mg/kg per day; P=0.02). There was no significant difference in fasting TRL apoB-100 concentration (placebo 263.3±23.8 versus resveratrol 276.5±45.7 mg/L; P=0.7; Figure 5B ). There was no net difference in TRL apoB-100 concentration during the kinetic study (placebo 251.5±26.2 versus resveratrol 245.1±28.7 mg/L; P=0.8; Figure 5C ). Model fits to the apoB-100 tracer trace ratio are shown in the online-only Data Supplement ( Figure II in the online-only Data Supplement).
Discussion
Elevated TRL particle production by the liver and intestine contributes to the highly prevalent postprandial dyslipidemia seen in conditions such as obesity/overweight, insulin resistance, and type 2 diabetes mellitus. 1 ) and insulin (E; placebo: , resveratrol: ) were measured during constant feeding on the day of the lipoprotein kinetic study. There were no statistically significant differences in any of these parameters between resveratrol and placebo treatments, although there was a trend toward reduced fasting insulin and HOma-IR with resveratrol treatment. a role in the increased risk of atherosclerosis seen in these individuals. A better understanding of the regulation of TRL particle production could potentially be of therapeutic benefit. Here, we report that high-dose resveratrol significantly reduced apoB-48 (by 22%) and apoB-100 (by 27%) PRs by the intestine and the liver, respectively, in overweight and obese men with relatively mild hypertriglyceridemia. This is the first study in humans to demonstrate beneficial effects of , resveratrol: ) TG were measured during constant feeding on the day of the lipoprotein kinetic study. There were no differences between resveratrol and placebo treatments in the fasted or constant fed states. resveratrol administration on intestinal and hepatic TRL particle production.
There has been tremendous interest in harnessing the beneficial effects of resveratrol, a widely available over-the-counter supplement, seen in murine studies. These effects, including protection from insulin resistance and hepatic steatosis in dietinduced obesity, 10, 11 are thought to be mediated via indirect activation of AMPK and SIRT1. This has been postulated to mimic some of the beneficial effects of caloric restriction, seen in preclinical 24 and some human studies, 25,26 on glucose and lipid metabolism. The therapeutic effects of resveratrol in humans are incompletely understood. Some, but not all, 12, 13 short-term human studies in small cohorts have demonstrated the efficacy of resveratrol on improving insulin sensitivity, fasting triglycerides, and skeletal muscle mitochondrial function. [14] [15] [16] No human studies to date have assessed the effect of resveratrol on TRL production. Therefore, we performed this double-blinded crossover study, with 2 weeks of treatment with resveratrol or placebo, to investigate the effects of resveratrol on lipoprotein turnover. Resveratrol was administered at 1000 mg/d for a week and increased to 2000 mg/d in the second week, the lower dose during the first week required by Health Canada regulatory authorities to ensure that there were no adverse effects. These doses of resveratrol have previously been shown to improve glucose tolerance without eliciting any adverse effects. 16 Published studies reporting a beneficial metabolic effect of resveratrol have been performed in participants with either impaired insulin sensitivity, glucose intolerance, type 2 diabetes mellitus, and dyslipidemia, [14] [15] [16] with no effect seen in a study in lean healthy women. 13 Therefore, we studied TRL production in overweight and obese men with mild hypertriglyceridemia (triglyceride>1.6 mmol/L), a group more likely to respond to resveratrol.
To elucidate the mechanism(s) underlying the reduced PR of apoB-100 and apoB-48, we assessed the effects of resveratrol treatment on known regulators of apoB particle production. Plasma concentrations of free fatty acids ( Figure  III in the online-only Data Supplement) and insulin, both of which are known to affect apoB-100 and apoB-48 production, 3, 5 were not significantly different between treatments. Although unlikely to be the case, it is not possible to completely rule out reduced free fatty acid flux from reduced lipolysis, as a potential contributor of reduced apoB particle production. Another pertinent, but unexpected, finding in this study is that resveratrol significantly reduced apoB-100 FCR. We have previously demonstrated that hyperglucagonemia can reduce both the PR and FCR of apoB-100 without net changes in TRL-apoB-100 concentration, 27 an effect akin to that seen in this study. However, plasma glucagon concentrations were similar in both treatment groups (data not shown), ruling out hyperglucagonemia as a cause for reduced apoB-100 PR and FCR. An alternative possibility is that resveratrol reduces apoC-III concentration, which could in turn reduce lipoprotein lipase activity. However, we saw no differences in plasma or TRL-apoC-III concentrations between treatment groups (data not shown). Another plausible mechanism for the decrease in FCR of apoB-100, but not apoB-48, could be a reduced conversion of VLDL to intermediate-density lipoprotein and LDL with resveratrol treatment. Because the current lipoprotein turnover was only of 10 hours duration, it was not possible to assess the conversion rates of VLDL to intermediate-density lipoprotein and subsequently to LDL. Future studies with longer stable isotope infusion and sampling are needed to examine the effects of resveratrol on apoB-100 kinetics in the intermediate-density lipoprotein and LDL fractions. Altered apoB-48 composition could also affect clearance of apoB-100 because they share saturable common clearance pathways. 2 Because there was reduced apoB-48 production (with a trend toward reduced concentration) with no change in TRL-triglyceride, it is possible that the apoB-48 particles are enriched with triglyceride with resveratrol treatment. Because we did not separate the chylomicron fraction with our ultracentrifugation method, it was not possible to measure triglyceride:apoB-48 ratios in chylomicrons, per se. However, there was a significant difference in the mean triglyceride:apoB-48 ratio in the entire TRL fraction (placebo 0.24±0.02 versus resveratrol 0.31±0.04; P=0.02; Figure ID in the online-only Data Supplement), with no differences in triglyceride:B100 ratio (data not shown). Therefore, the exact mechanism(s) by which resveratrol reduces apoB-100 FCR remains unknown and warrants further study.
Our results might indicate that the effects of resveratrol on apoB-100 and apoB-48 production were independent of plasma triglyceride concentration and possibly change in insulin sensitivity (as measured by HOMA-IR a surrogate measure of insulin resistance). Although we, like others, 12, 13 have seen no significant effects of resveratrol treatment on insulin sensitivity, it is not possible to conclusively rule out an effect of resveratrol on insulin sensitivity as reported in murine 10 and some human 14, 15 studies for several reasons. First, these human studies, including ours, have had small sample sizes, which may have limited the power to detect a statistical significance in HOMA-IR/insulin sensitivity. Second, our treatment duration was shorter (2 weeks) than those of Brasnyó et al 15 (4 weeks) and Timmers et al 14 (30 days) . In addition, our participants were relatively insulin sensitive (based on HOMA-IR measurement) compared with those of Timmers et al 14 and had normal glucose tolerance in contrast to the participants with type 2 diabetes mellitus in the study by Brasnyó et al. 15 Finally, the pharmacodynamics of resveratrol is not well understood. Beneficial effects of resveratrol on insulin sensitivity have been reported with much lower doses of resveratrol ranging from 10 15 to 150 mg daily. 14 A recent murine study also reported greater effects of resveratrol on hepatic steatosis and adiposity at lower doses compared with higher doses. 28 Interestingly, Timmers et al 14 reported an improvement in liver function tests with a daily dose of 150 mg/d of resveratrol administered during 30 days. We did not see any significant improvement in liver function tests (data not shown) with higher doses of resveratrol, although this may be explained by the shorter duration of the study. Whether this apparent inverse dose-response relationship holds true in humans remains to be seen. In keeping with our findings, Poulsen et al, 12 who also used a high dose of resveratrol (1500 mg daily) but for a longer duration (4 weeks) in a more insulin-resistant cohort, found no effects on insulin sensitivity as measured by hyperinsulinemic-euglycemic clamps, a more direct measure of insulin sensitivity compared with HOMA-IR measurement. Therefore, the reduction in TRL apoB-48 and apoB-100 PR in our study might be attributed to mechanisms that are not directly because of modulation of insulin sensitivity. Our study also suggests that the effects of resveratrol on apoB-100 and apoB-48 particle production are independent of changes in plasma and TRL triglyceride concentration. Consistent with our findings, Poulsen et al 12 using a similar dose of resveratrol (1500 mg daily) administered for 4 weeks did not detect a change in plasma triglyceride concentration in obese insulinresistant men. In contrast, Timmers et al 14 reported that resveratrol, administered at a lower dose of 150 mg daily to obese insulin-resistant men for 4 weeks, lowered plasma triglyceride concentration modestly. The precise reasons(s) for this discrepancy between these studies is unclear but, as outlined earlier, possible explanations are the small sample sizes, differing duration, and doses of resveratrol administered in these studies. In addition, these studies have not assessed apoB-100 and apoB-48 particle production or TRL apoB-100 and TRL apoB-48 concentration. Although decreased PRs of TRL apoB-100 and apoB-48 were observed in our study despite a shorter duration of treatment compared with other studies, 14 it is possible that significant effects of treatment on HOMA-IR and TRL apoB-48 concentration may have been revealed with prolonged treatment.
The exact molecular mechanism(s) of action of resveratrol in reducing apoB production remains unclear. One possible mechanism may be related to the capability of resveratrol to activate AMPK and SIRT1. In vitro and murine in vivo studies have reported that resveratrol activates AMPK, which can in turn activate SIRT1. 17, 29 AMPK can phosphorylate peroxisome proliferator-activated receptor coactivator-1α and reduce the expression of acetyl-CoA carboxylase with an increase in lipid oxidation in liver and reduction in hepatic steatosis. 9, 11, 18 This would result in reduced substrate for VLDL triglyceride synthesis and VLDL apoB secretion. More recently, AMPK activation has also been reported to reduce intestinal apoB-48 production. 30 AMPK can also affect lipogenesis by phosphorylating SREBP-1c reducing its transcriptional activity. 18 SIRT1 activation is also implicated in amelioration of dyslipidemia. 31 Resveratrol can reduce SREBP-1c expression in HepG2 cells by activating SIRT1-FoxO1 signaling, 9 which could also potentially reduce VLDL production. This signaling pathway also plays a role in chylomicron production. 32 However, some human studies, including the study by Poulsen et al 12 in which a similar dose of resveratrol was administered, found no effect of resveratrol on AMPK expression or phosphorylation and SIRT1 expression or activity in skeletal muscle and adipose tissue. 12, 13 Therefore, it is possible that these effects of resveratrol may be mediated by as yet unidentified mechanism(s).
The clinical relevance of these effects of high-dose resveratrol on apoB production, in a small cohort of mildly hypertriglyceridemic individuals, remains to be established. Because there was no net change in apoB-100 TRL concentration attributable to the reduced apoB-100 FCR, the reduced apoB-100 PR is unlikely to be clinically significant. However, a recent study performed in hypercholesterolemic patients on statins demonstrated that 6 months of daily treatment with grape extract containing a low dose of resveratrol (8 mg) resulted in a modest reduction in fasting plasma apoB concentration. 33 In our study, there was a trend toward a lower apoB-48 TRL concentration with resveratrol treatment. The absence of a statistically significant reduction in apoB-48 TRL concentration may be because of the small sample size, short duration of treatment, and the mild hypertriglyceridemia seen in our study participants. Because of the small sample size, one cannot rule out the possibility of resveratrol significantly reducing apoB-48 FCR, with no net effect on apoB-48 concentration. A longer study, in a larger cohort with moderate hypertriglyceridemia (although resveratrol does not affect plasma triglyceride concentration, these individuals also have moderately increased apoB-100 and 48 concentration), is needed to establish whether high-dose resveratrol treatment lowers apoB-48 TRL concentration. Elevated apoB-48 TRL concentrations are seen in postprandial hypertriglyceridemia, which is associated with an increased risk of atherosclerosis. 2 Lowering of apoB-48 TRL concentration may be beneficial in lowering atherosclerotic risk. Direct benefits of resveratrol on atherosclerotic risk reduction have yet to be established.
In summary, this proof-of-principle study has demonstrated that short-term high-dose resveratrol administration in overweight and obese men with mild hypertriglyceridemia significantly reduces apoB-100 and apoB-48 production. Long-term studies in larger cohorts are needed to establish whether resveratrol treatment is beneficial in the treatment of hypertriglyceridemia.
